The use of gold-coated multi-walled carbon nanotube (Au/MWCNT) bilayer composite surfaces has been discussed in previous work as a method for improving the reliability of switch contacts [1, 2] . A consequence of large lifetimes means that testing to failure is time consuming. To address this we developed a MEMS-based test platform which enables testing at high frequency [3] . The MEMS devices were developed in a two stage process. In this paper the results obtained from the first stage design for a MEMS-based test platform device are discussed. Further to this, an overview of the design of the second stage device is given. Using the first-stage device, at a current of 50 mA (at 4 V), the composite yielded a lifetime in excess of 44 million hot-switching cycles [4] . At a lower load current of 10 mA, the contact maintained a stable contact for >500 million hot-switching cycles. As well as monitoring the contact resistance, SEM images of the surface before and after testing are presented. The first stage MEMS-based developmental device is a step towards a smaller integrated and packaged high-lifetime metal-contacting MEMS switch. An overview of the considerations for the redesign is given with a discussion on the predicted performance and improvement for accelerated switch testing.
Introduction
The advantages of MEMS relay switches over PIN diode and FET devices are well known; most notably lower onresistance, higher isolation and cut-off frequency [5] [6] [7] [8] . MEMS relays have very high values of off-resistance, which is important for low power applications, especially where power consumption is of concern [9] . There are two common implementations of MEMS switches: capacitively coupled and metal-contacting. The use of capacitive switches at low frequencies is limited, however they tend to be capable of surviving high numbers (>500,000,000) of switching cycles without showing any signs of mechanical failure [10] . For the second implementation, metal-contacting switches, the electrical contacts are mechanically brought into contact; there is no dielectric layer present on the contacts which means that the transmission of DC to high frequency signals is possible. Due to the mechanical switch opening and closing process the contact surfaces suffer degradation which over consecutive opening and closing processes, causes the switch to fail [2] . In this paper we discuss hot-switching tests (4V, 10 mA and 50 mA) performed on the MEMS-based platform in which an electrostatically actuated micro-machined gold-coated silicon cantilever beam repeatedly makes contact with an Au/MWCNT composite.
Experimental Methodology
The fabrication of the contact pairs and the experimental methodology has been described in detail in previous work [3, 4] , a brief overview is given here. The contact pair consists of an Au/MWCNT composite and an Au-coated cantilever beam.
The forest of MWCNTs (30 μm in height) was grown on an oxidized silicon chip using a chemical vapor deposition process. Following the growth, the forest is sputter coated with 500 nm of gold, resulting in the Au/MWCNT composite. A SEM image of the composite can be seen in Figure 1a . The Au-coated cantilever beam was created using inductively coupled plasma (ICP) etching of silicon. After patterning the cantilever beam on a silicon wafer in photoresist, the silicon is etched by ICP to the required depth (i.e. the cantilever beam thickness of ~20 μm). The underside of the wafer is patterned with photoresist which defines holes through the wafer to the cantilever beam. The underside of the silicon wafer is ICP etched until the beam is released. The final step is to sputter coat the cantilever beam with a 10 nm layer of chromium and a 500 nm layer of gold. The chromium layer is an adhesion layer to promote the adhesion of the gold to the silicon [11] . An image of the Au-coated cantilever beam is given in Figure  1b .
Following the fabrication of the contact pair the Au-coated cantilever beam is suspended on a spacer (>25 μm) above an actuation electrode as shown in Figure 2 . Au-MWCNT composite is then placed <3 μm from the tip of the Au-coated cantilever beam. The application of a voltage on the actuation electrode induces an electrostatic force on the cantilever beam which moves the beam into contact with the Au-MWCNT composite. With the actuation voltage removed, the stiffness of the cantilever beam provides a restoring force which moves the beam away from the Au/MWCNT. The resonant frequency of the beam was measured as 235 Hz, which was in good agreement with the model which predicted ~270 Hz [3] .
For all experiments described here, the load voltage was 4 V and from computational modelling the contact force is estimated to be ~5-10 μN [3] . The experiment was run with two values of load current, these values were 10 mA and 50 mA. Throughout the course of the experiments the voltages across the switch and the current limiting resistor, R x in Figure  2b , were monitored. The voltage across the current limiting resistor is proportional to the current flow through the resistor and hence through the switch contacts. Dividing the voltage dropped across the switch contacts by the current through them (and by accounting for the lead resistances) it was possible to calculate and monitor the contact resistance throughout the course of the experiments. 
Accelerated Testing: Development of the Cantilever Beam Design
The development of the MEMS switch was intended as a two-stage process whereby the first stage was used to guide the second. The experiments discussed in the results section were performed on the MEMS cantilever beam described above (first stage device). The resonant frequency of that beam was 235 Hz and the tests were performed at 100 Hz, well below the resonant frequency. As a consequence it took a long time to complete the testing. Long testing durations are undesirable for practical reasons. To perform switching at higher frequencies the resonant frequency of the cantilever beam used in the switch must be increased. The following parameters were considered for the second-stage cantilever beam design:
x beam thickness, x beam length, x gap between beam and actuation electrode. Provided that the beam width << length the beam width does not significantly affect the resonant frequency of the beam; often when discussing the analysis of cantilever beams, parameters such as spring constant are normalized to the beam width [6] . The diagram in Figure 3 illustrates the dimensions of the beam considered with respect to the actuation electrode and the sample. The beam thickness may be increased or the beam length can be reduced in order to increase the resonant frequency. Both changes result in an increase in the beam stiffness. A consequence of a higher value of beam stiffness is that a larger actuation voltage will be required to actuate the beam. In the redesign the beam thickness was 10 μm, and the nominal beam length and width were set to 1.7 mm and 100 μm respectively. In order to control the actuation voltage it was decided to set the actuation gap to ~5 μm. With the given dimensions the expected resonant frequency and pull-in voltage were estimated (using analytical calculations) to be 4.8 kHz and 11.3 V respectively. The cantilever beam was modelled and simulated in CoventorWare which yielded a resonant frequency of 4.3 kHz and a pull-in voltage of 12 V. The second mode of resonance was computed to be 27 kHz which is significantly greater than the first mode of resonance. This is an important consideration since if the modes are two close together in the frequency domain the mechanics of the beam may be affected by the second mode of resonance. The first modal resonant frequency gives a maximum value to operate the switch at. With a resonant frequency of ~4.3 kHz, the beam could be operated at 4 kHz which would mean that the test time for 500 million cycles is brought down to 1.5 days. This is a significant reduction (40 times) in the test duration compared with the test discussed in the next section which switched at 100 Hz. 
Results and Discussion

Contact Resistance
It is known that the lifetime is linked to the load current and hence the lower load current was expected to give a larger lifetime [1] . Figure 4 shows the change in contact resistance with the increasing number of switching cycles. With a load current of 10 mA the contact pair had a relatively stable contact resistance of ~4.8 Ω for over 500 million hot-switched cycles. This contact resistance is slightly higher than desirable but is still useful. A typical MEMS switching device capable of DC-high frequency performance was discussed by Majumbder et al. [12] . The switch was micro-machined in silicon, the contact material was a platinum-group metal. The contact resistance of a single switch was 3 Ω [12] . This was reduced by switching 8 contacts in parallel; the contact resistance (including interconnects) was less than 1 Ω at DC and low frequencies [12, 13] . Majumbder et al. stated that the lifetime of the switch when subjected to hot-switching (with voltage of 1 V) was about 10 7 cycles. The largest lifetimes for these devices were observed where they were packaged in TO-8 cans thereby confirming that packaging is an important aspect for improving device lifetime [13] .
It should be noted that the contact pair did not fail at 500 million cycles however the experiment was stopped after 500 million cycles for a number of reasons. From a practical viewpoint, testing to large numbers of cycles is time consuming (e.g. with a switching frequency of 100 Hz, it would take 58 days of continuous switching to reach 500 million cycles) hence in this paper we discuss the design of cantilever beams for accelerated testing. From an application viewpoint, 500 million is a large number of cycles especially considering that the contacts are hot-switched. Where comparable MEMS switches have been quoted with similar lifetimes they tend to either switch very low or zero current (i.e. cold switching) [6, 7, [12] [13] [14] . The commercial surface-mounted compact SPDT MEMS switch (usable up to 10 GHz) developed by Omron Corp. has a size of 5.2 mm x 3.0 mm x 1.8 mm (L x W x H) [14] . The mechanical and electrical life expectancy is stated as a minimum of 100 million operations (tested at 0.5 mA, 0.5 V); the maximum rated load is 0.5 mA at 0.5 V [14] . The RedRock™ device developed by Coto Technology is stated to have a life expectancy of 10 8 , however this is with no load [15, 16] . The device is capable of hot-switching though details on the effect of hot-switching on the expected lifetime are not given. The dimensions of the device are~ 2.185 mm x 1.125 mm x 0.94 mm (L x W x H), making it smaller than the Omron device [14, 15] ; however it should be noted that this is an example of a reed switch rather than a MEMS switch, therefore the size of the actuation system is neglected by the datasheet. The contact material used for the RedRock™ relay is ruthenium which has a melting voltage of 0.795 V [13] . For comparison, the melting voltage for gold is 0.43 V [17] . With the absence of current during switching the damage to the contact surface is primarily mechanical. In cases where MEMS switches are tested with hot-switching, the lifetime becomes significantly reduced from 100s of millions of cycles to <10 million [7, [18] [19] [20] .
With a load current of 50 mA, the Au/MWCNT to Au-coated cantilever beam contact pair failed after 44.4 million cycles [4] . The nominal contact resistance during the operational lifetime was ~3 Ω. The shorter lifetime compared with the lower current experiment was expected given that the load current is known to be a significant contributor to the electrical contact failure mechanism for hotswitched contacts [1] .
In previous work where Au/MWCNT composites were tested as electrical contacts, to simulate MEMS switching behavior a number of lifetime experiments were performed on a PZT-based test rig which brought the Au/MWCNT composite into contact with a gold-coated ball with a contact force of 1 mN [1, 21] . A contact force of 1 mN is considered to be in the upper limit of what is typical for MEMS switches, depending on the actuation method. However if the actuation method is electrostatic actuation which is often preferred for MEMS switches, a contact force of < 200 μN is typical [6, 12] . From computational modelling, the contact force of the MEMS-based cantilever beam is estimated to be ~5-10 μN. Therefore the results presented here give evidence for the performance of the Au/MWCNT composite at contact forces more closely related to typical MEMS switches. In order to compare the switch failures with the lower force MEMSbased system to understand the failure mechanisms, it is important to evaluate the effect of the lower contact force. We propose that a decrease in the contact force will result in a decrease in the extent of the deformation of the Au/MWCNT composite. This will in turn result in a decrease in the available contact area and may consequently reduce the switching lifetime. It is generally accepted that the contact force should be large enough to yield a stable contact resistance without being unnecessarily large thereby resulting in additional damage to the contact surfaces [22, 23] .
2. Surface Analysis In addition to monitoring the contact resistance, the contact surfaces were analyzed using a scanning electron microscope (SEM). Before initializing the 10 mA experiment both of the contact surfaces were scanned by SEM, an image of the Au/MWCNT composite can be seen in Figure 5a and a SEM image of the tip of the Au-coated cantilever beam surface is given in Figure 6 a. Figure 5b shows the SEM image of the Au/MWCNT contact after 500 million hot-switching cycles. No obvious damage was observed. Figure 5 shows SEM images of the Au coated cantilever beam surface before (a) and after (b) testing. It also suggests there was no obvious damage observed on the contacting surface. Further detailed characterization of the contacting surface using a high resolution laser profilometer will be included in future work. 
Conclusions
The MEMS-based test rig is a developmental device which enables accelerated testing of electrical contacts at a contact force typical of MEMS switches. We present new results demonstrating the use of Au/MWCNT composite electrical contacts within a MEMS-based switch setup. With a load current of 10 mA at 4 V, the contacts survived over 500 million hot-switching cycles. At a higher current of 50 mA the contact pair failed after 44.4 million cycles. After 500 million switching cycles at 10 mA, SEM analysis of the surfaces showed that there was no observable damage. Further analysis is required to confirm these observations. These results demonstrate that the Au/MWCNT composites are a useful material for MEMS switches with high lifetimes.
The incorporation of the redesigned cantilever beams will enable testing at significantly higher frequencies which will result in the generation of experimental data to further the understanding of the Au/MWCNT composite failure mechanisms.
